INTRODUCTION
Anthropogenic induced climate change has impacted abundances and redistributed species, resulting in local biodiversity loss, species extinctions or the southern end of a species range. For instance, the equator-ward distribution limit of blue mussels Mytilus edulis has contracted > 350 km in response to warming (Jones et al. 2010) , retracted their intertidal vertical distribution (Harley 2011) , and it has declined in abundance by > 60% since the 1970s in the Gulf of Maine (Sorte et al. 2017) . Thus, an understanding of the effects of climate change at lower latitudes are slowly emerging. However, the effects of climate change on temperate species at higher latitudes (such as in the Arctic) have received less attention. Consequently, the impacts of climate change in the Arctic, especially in Greenland, remain understudied (Wassmann et al. 2011) even though the region is experiencing warming at rates 2-to 3-fold greater than the global average (AMAP 2017) .
Arctic warming affects species directly (e.g. by affecting physiological performance) or indirectly (e.g. though shifts in biological interactions or habitat alteration). For instance, warming diminishes the sea ice extent, which negatively impacts Arctic species associated with sea ice ecosystems (Wassmann et al. 2011) . Arctic warming therefore negatively affects the abundance of some Arctic species, while potentially benefiting temperate species (e.g. through increased growth, abundance and biodiversity) as poleward geographical ranges expand and new habitats become available (Wȩ sławski et al. 2010 , Poloczanska et al. 2016 , Marbà et al. 2017 . Thus, the potential positive effects on temperate species at their poleward distribution edge need to be studied further.
The rocky intertidal zone is a model system well suited to study climate change impacts as organisms are restricted to a narrow coastal habitat where they are directly exposed to atmospheric warming (Helmuth et al. 2006) . The intertidal zone of Greenland has received little attention, although Greenland has a ~2400 km long coastline with a north-south climate gradient from the subarctic into the High Arctic. Along this coastline, oceanographic conditions gradually change to Arctic in terms of sea ice cover extent (a map displaying winter and summer sea ice extent can be found in Supplement 1 at www.int-res. com/ articles/suppl/ m584p091_ supp. pdf), ocean and air temperatures and length of the period with primary production (Sejr et al. 2009 , Krause-Jensen et al. 2012 . Because only few quantitative studies have been conducted in this intertidal zone (Hansen 1999 , Blicher et al. 2013 , Høgslund et al. 2014 , preliminary research should focus on foundation species because of their importance for ecosystems. Foundation species include shell-forming molluscs as they create hard substrates increasing the abundance of a diverse associated fauna (Gutiérrez et al. 2011 , Thyrring et al. 2015b . In west Greenland, M. edulis and M. trossulus (hereafter referred to as Mytilus) are 2 common foundation species that both form mussel beds, hereby providing microhabitats and food for a diverse associated fauna (Mathiesen et al. 2017) .
Because climate-induced changes in Mytilus populations can affect community structure in Greenland's intertidal zone, this study aims to characterize the abundance and population dynamic patterns of Mytilus along the west coast of Greenland to their poleward edge, and further, to provide a first indication of how climate change may negatively affect or benefit them in a warmer future. One way to evaluate climate impacts on species level is by comparing historical and current survey data to track changes. However, because no time-series are available for the Greenland intertidal, we substituted temporal changes with spatial patterns by applying a spacefor-time approach to infer temporal changes (Pickett 1989 , Blois et al. 2013 . Furthermore, Mytilus has a wide distribution in Greenland, and different populations are likely exposed to different daily, seasonal and annual variation in air temperatures. Such differences could lead to adaptive variance, e.g. in cold tolerance, with Arctic populations being more coldtolerant than more southern ones. This adaptation is important for understanding population dynamics and abundance patterns. This study therefore aims to (1) quantify and evaluate differences in the abundance and growth of Mytilus mussels from 5 locations in west Greenland (64°−77°N); (2) evaluate intra-specific cold tolerance among seasons and locations; and (3) give a first indication of possible effects of continued Arctic warming on Mytilus abundance and distribution in Greenland.
MATERIALS AND METHODS

Field sampling
We collected mussels at 73 sites divided between 5 different locations along the south-north orientated intertidal zone cline of west Greenland. Abundance data from 15 sites around Nuuk (collected in June 2011) were obtained from Blicher et al. (2013) . We further collected animals at 12 sites on Disko Island (August 2012), 18 sites around Uummannaq (July 2012), 13 sites around Upernavik (July 2013) and 15 sites around Qaanaaq (August 2014) (Fig. 1) . Sampling was performed over consecutive years during summer due to the logistic restraints associated with working in the Arctic. However, at each location, we found established Mytilus popu lations (see 'Results'). We therefore assume that inter-annual variation in recruitment success can be neglected, and because Mytilus spp. are relatively long-lived semi-sessile animals, short-term temporal variation in adult abundance can be considered limited. We focused surveys on flat open rocky intertidal shores in fjord systems from the subarctic to the High Arctic region (64−77°N) to reflect the gradual change in environmental conditions, e.g. temperature and sea ice. Because local topography over the scale of centimeters can affect the abundance and biomass of intertidal mussels by order of magnitudes (Kostylev & Erlandsson 2001 , Blicher et al. 2013 ), a sampling regime was designed specifically to capture this variation, thus allowing mussel collection in similar and comparable habitats at each sampling site. To ensure similar sites were sampled, the overall physical environment (ice scour, rugosity and orientation) was assessed visually at each site (detailed results on all environmental parameters are in Supplement 2). Furthermore, a wave exposure index was calculated following Blicher et al. (2013) . In short, the distance to nearest shoreline was calculated in 8 directions (N, NE, E, SE, S, SW, W and NW) from each of our sampling sites. The estimated distance to nearest shore in each of the 8 directions was then multiplied by the wind impact factor, which was calculated for each direction as:
Wind impact = Frequency × Average wind speed (1) where only wind speeds >10 m s −1 were considered important for wave generation and using hourly data obtained from local weather stations. The final wave exposure index for each sampling station was calculated as shoreline distance (m) × wind impact factor (m s −1 ) in each of the 8 directions and summed (see Supplement 2).
Mussels were collected during low tide using horizontal rope transects placed parallel to the shoreline at the mid-intertidal level (MTL). MTL transect positions were located using a wooden folding ruler placed at the low water mark and a hand leveller to point out transects height, which was calculated from the Greenlandic tidal table (www.dmi.dk). Each site was represented by 7 to 10 replicate samples with a surface area of 0.0625 m 2 , placed along the rope with 0.25 m distance. At the 2 northernmost sites (Upernavik and Qaanaaq), mussels were collected in the MTL, and in addition, mussels were collected along another horizontal rope transect placed parallel to the shoreline 30 cm below the MTL transect (termed MTL − 30). Furthermore, because mussels were found extremely scattered in Qaanaaq, we supplemented the 2 transects (MTL and MTL − 30) with a search of 4 m 2 in the lowest intertidal zone (LTZ) at each site in Qaanaaq.
For each sample, at each site, the number of mussels was counted. We measured shell length to nearest mm with digital calipers, and the wet weight was determined to nearest 0.001 g. To determine age, we counted surface growth rings on each shell because they represent cessation of shell growth during winter (Blicher et al. 2013) . Individuals with 1 winter growth band were termed 1 yr old recruits, while 0 yr old mussels without any growth bands were identified as spat.
Temperature measurements
To measure intertidal microhabitat temperatures, temperature loggers (HOBO professional, Onset) were placed in the intertidal zone at each of the 5 sampling locations. Loggers were placed near observed mussels to measure habitat temperatures. All temperature loggers were collected after approximately 1 yr. Atmospheric temperatures were derived from local weather stations in Nuuk (Stn 4250); Disko Island (Stn 4220/4224); Uummannaq (Stn 4212/4213); Upernavik (Stn 4209/4210/ 4211) and Qaanaaq (Stn 4201/4205). These data are available from the Danish Meteorological Institute, www.research.dmi. dk, and a description can be found in Boas & Wang (2011) . There is in general a strong correlation between the extreme daily minimum temperature and mean temperature of the day (Griffiths et al. 2005) . Therefore, based on atmospheric temperature time series for each location, we calculated the annual number of cold days where mean air temperatures were below −13°C for at least 1 h. We did so because the cold tolerance experiments (described below) showed −12.8°C to be the temperature where 50% (LT 50 ) of Mytilus mussels died following 2 h of exposure to sub-zero air temperatures.
Experimental protocol
Animal collection and holding conditions
To investigate the capacity of Mytilus mussels to adjust their cold tolerance among populations and seasons, we conducted a common-garden experiment in which collected animals were allowed to acclimate to laboratory conditions for 8 d before experiments were conducted. This method captures the part of cold tolerance that is due to physiological plasticity but not the effects of abiotic conditions (e.g. exposure time to air temperatures and thermal history) (Nuismer & Gandon 2008 , Kuo & Sanford 2009 ). This method is therefore useful to inform about physiological differences among populations and seasons, but the results should not be used to directly define how species will respond to a given change in environmental temperatures. Intertidal mussels were collected during August in Nuuk and during July in Uummannaq. Seasonally acclimatized mussels were collected in Nuuk in April (spring) and August (summer) 2011 because mussels prior to these months had been exposed to winter and summer conditions, respectively. Collected animals (size 32.1− 51.2 mm) were immediately transferred to aerated tanks. Water temperature was maintained at 8°C (for mussels collected in summer) and 1°C (for mussels collected in spring) to represent the habitat temperature at time of collection. Water volume was regularly exchanged with fresh filtrated seawater to minimise build-up of pseudofeces and excretion products.
Cold tolerance
To determine cold tolerance (i.e. survival to subzero temperature exposure) of intertidal mussels exposed to air temperatures at low tide, we tested survival of 10 individuals at each of 10 experimental temperatures (ranging from −10 to −15°C), which are common winter temperatures in Greenland (Thyr ring et al. 2015a ). Exposure to experimental temperature was either 1, 2 or 4 h. Experiments were conducted in programmable waterbaths (Hetofrig, Birkerød, Denmark), which allowed us to control temperature within ± 0.1°C. Mussels were placed in individual 50 ml plastic vials in the waterbath, and temperature was lowered from the holding temperature to the experimental temperature at a constant rate over 15 min. After each experiment, mussels were returned directly to the holding tanks. Mussels were considered dead if they failed to close their shells after tactile stimuli 48 h after exposure to sub-zero temperatures.
Statistical analysis
Data exploration and model selection was carried out following Zuur et al. (2010) , and all statistical tests were conducted using R (R Core Team 2017).
Boxplots were used to check for potential outliers and homogeneity, while normality was investigated by histograms. We found no indications of zero-inflation or over-dispersion of abundance data. The abundance data set consists of mussels collected from multiple sampling sites (n = 12−18, described above) nested within 5 fjords in west Greenland (see Fig. 1 ). To examine patterns, we therefore applied a generalized mixed effect model (GLMM) with a Poisson distribution in which 'sampling sites' was used as a random intercept, as this accounted for dependency among sites located within a fjord (Zuur & Ieno 2016) .
To investigate effects of geographic location, shell size, season and exposure time on survival, we decided to use generalized linear models (GLMs) with a binomial distribution (McCullagh & Nelder 1989) . A GLM with a Poisson distribution was used to examine the effects of within-site vertical zonation on abundance. Finally, using the 'mcgv' package in R, a series of generalized additive models (GAMs) that incorporated temporal correlation, was applied to examine temporal trends in atmospheric temperatures (Zuur 2012) .
Average annual mortality rates were calculated by applying a negative exponential mortality model:
where N 1 is the number of mussels in age class 1, N t is the numbers at age t (year), and Z is the mortality rate (Blicher et al. 2013) . Blicher et al. (2013) found that mortality rates in Mytilus gradually are reduced with age, especially at age >10 yr. To avoid a bias of age in our mortality rate estimates, we calculated mortality rates in 3 sub-groups: age < 5; age 5 to 10; age >10 yr, if a specimen above age 10 yr was found (Blicher et al. 2013) . If no specimens above age 10 yr were found, one mortality estimate was calculated; this approach was to ensure that the data sets for age <10 yr had an adequate number of observations to provide reliable mortality estimates. Because age structure did not follow a normal distribution, we used the non-parametric Kruskal-Wallis test to analyse differences among fjords.
Growth pattern analysis
Based on size-at-age data, we analysed the growth patterns of Mytilus spp. in west Greenland. The analysis follow the protocol described by Blicher et al. (2013) . In short, the model was based on maximum likelihood estimation (Berry & Lindgren 1996) , and an initial model proposed that growth would fol-low a sigmoidal growth curve of the Richards family (Richards 1959 , Sugden et al. 1981 , Blicher et al. 2007 : (3) where S ∞ is the asymptotic shell length (mm), t is individual age (yr), t * is an age-at-growth inflexion, T (yr) is the time needed to grow from zero to S ∞ at maximum growth rate, and m is a shape factor for Richards curves. An m → 0 corresponds to von Bertalanffy growth, m → 1 to Gompertz, and m = 2 to single logistic (see Supplement 3 for a full model description).
RESULTS
Temperatures
West Greenland has mixed semi-diurnal tidal cycles. The average daily exposure time to air temperatures during low tide in the MTL ranged from 5.8 to 10.2 h ( Table 1 ). The largest range in air exposure time was found in the Uummannaq MTL with a minimum of 4.7 h and a maximum of 19.2 h (Table 1) .
Annual average atmospheric temperatures measured from weather stations in the years 2000−2011 ranged from −0.22°C (Nuuk), −2.54°C (Disko Island), −3.32°C (Uummannaq), −5.33°C (Upernavik) to −8.78°C (Qaanaaq). The number of days per year with temperatures below −13°C increased from 11 d in Nuuk to 169 d in Qaanaaq (Table 2) . On a temporal scale, the GAM analysis revealed a statistically significant positive increase in atmospheric tem perature in Nuuk (from 1958−2014, (Table 2) .
In situ microhabitat temperatures measured by loggers in the period August 2012 to August 2013 were highly variable at all locations (Fig. 3a) . The highest measured temperature was 36.36°C recorded on June 11 2013 on Disko Island, and the minimum was −13.09°C on December 12 in Upernavik (Fig. 3a) . Logged microhabitat temperature fluctuations gradually decreased over winter and were small at all locations (Fig. 3a) . On Disko Island, temperatures only fluctuated between −5.79°C and −3.42°C between February and May compared to be tween −0.91°C and 36.36°C in June (Fig. 3b) . Annual average microhabitat temperatures were higher com pared to atmospheric temperatures measured by weather stations (e.g. 0.94°C compared to −2.74°C on Disko Island) (Fig. 3) . In winter and spring (December to May), logger temperature from the microhabitat was −3.07°C compared to −8.04°C measured at the weather station on Disko Island. 
Abundance and recruitment
A total of 5320 specimens were collected within the size range of 0.8−72.5 mm. At the MTL, mussels were found in all locations along west Greenland from Nuuk to Upernavik (Fig. 4) . The highest mean (± SE) density was found in Nuuk (23.67 ± 4.92 ind. 0.0625 m −2 ) and gradually declined towards the northern edge of the geographic range (Model 1 in Supplement 4, Fig. 4a ). There was a significant effect of tidal height on abundance in both Upernavik and Qaanaaq (Table 3 ). In Upernavik, mussels were statistically significantly more abundant at MTL − 30 cm 97 Temperature (°C) 1970 1980 1990 2000 2010 Year (e) Qaanaaq in Upernavik (no 1 yr old recruits were found in Qaanaaq).
Age distribution and mortality
Age structure varied significantly between all locations (Kruskal-Wallis; χ 2 = 30.22, p < 0.0001). The age distribution ranged from 15 age classes in Nuuk to 6 in Upernavik at the MLT (Fig. 5) . Regardless of location, all populations were consistently dominated by young individuals, especially the previous year's settlement (age ≤2), which constituted > 50% of all populations (Fig. 5) . Newly settled spat were found at the MTL on Disko Island, Uummannaq and Upernavik ( Fig. 5b−d) . Nuuk samples had no spat because collections were conducted in early June before spawning and larval settlement (Fig. 5a ). At MTL − 30, the Upernavik population consisted of 6 age classes (Fig. 5e) , and in the LTZ in Qaanaaq, the age ranged from 2 to 13 (Fig. 5f) .
MTL specimens older than 10 yr were found only in Nuuk (Table 4 ). The highest estimated mortality rates were in Uummannaq (Z = 0.98, p = 0.0004), while the lowest was found in Nuuk in age 10 to 15 mussels (Z = 0.12, p = 0.1775). We did not estimate mortality rates for MTL in Upernavik because we consider this Z estimate as uncertain due to the low number of observations (65 individuals). The estimated mortality rates were Z = 0.94 (p = 0.0008) and Z = 0.41 (p = 0.0042) in Upernavik MLT − 30 and Qaanaaq LTZ, respectively.
Shell length-at-age
Shell length-at-age data from the localities were used to estimate growth. The initial growth model involved 6 parameter values to each group by maximizing the joint likelihood. We reduced this model in single steps to test if some parameters could be applied to all groups. None of the 6 growth model parameters could be fitted by the same value to all groups without changing the individual growth curve characteristics statistically significantly (p < 0.0001). In its essence, this means that growth patterns differed between groups. However, it seemed that (1) Nuuk and Qaanaaq and (2) Disko Island, The asymptotic shell-length S ∞ was constrained equal for each of the 2 groups, and the model fit was improved: common S ∞ ; χ 2 = 4.42, p = 0.35. We further reduced this version of the model by applying a common value of the shape parameter, m, to each of the 2 groups, with minimal effect on the model: common m; χ 2 = 16.49, p = 0.04. Any attempt to further reduce the model by constraining the parameters T or t * to be equal for each of the 2 groups changed the model statistically significantly (p < 0.0001).
The parameters of the initial, and best fit, growth model are summarized in Table 5 , and the observed maximum age can be found in Table 4 . Shell length-at-age-data and growth curves are illustrated in Fig. 6 . The model indicated similar length-at-age at all locations until an age of 5 yr with an average shell length of approximately 16−22 mm. At ages > 5 yr, individuals from the MTL in Nuuk and the LTZ in Qaanaaq tend to continue to grow at relatively high shell growth rates with an asymptotic shell length, S ∞ , of > 50 mm. However individual maximum shell length ranged from ) of Mytilus from the mid-intertidal level (MTL) at the 5 locations. The annual mortality was not estimated for Qaanaaq age < 5 and >10 and Upernavik MTL due to a low number of observations < 30 mm to > 70 mm as a result of large local-scale variations in growth conditions. In comparison, mussels from the other locations experienced an abrupt decrease in growth rates at age > 5 with an asymptotic shell length of ~25 mm and an ob served maximum shell length of 32 mm (Fig. 6 ).
Cold tolerance
Air temperature had a significant effect on survival (see Supplement 4). We found a latitudinal difference in LT 50 : mussels collected in Uummannaq survived at a lower temperature compared to mussels from Nuuk (Table 6 ). In terms of size differences, we found that LT 50 was lower for large mussels compared to smaller individuals (Table 6 ). Time of aerial exposure also had a significant effect on the survival rate. Four hours of exposure had a significant effect on LT 50 compared to mussels exposed for only 1 h (Table 6 ). Finally, we found a statistically significant seasonal difference (Table 6 ) with spring-acclimated mussels being more cold-tolerant compared to summeracclimated mussels.
DISCUSSION
Latitudinal changes in population dynamics of Mytilus in Greenland
We observed a clear large-scale latitudinal decline in Mytilus abundance from 64° to 77°N in west Greenland. This correlated to the decline in atmospheric temperatures measured along the north-south climate gradient. The average abundance decreased by > 95% at the MLT from Nuuk (average 23.67 ind. 0.0625 m −2 ) to Upernavik (average 0.71 ind. 0.0625 m −2 ). The difference be tween Nuuk and Upernavik abun dances was found already at the stage of 1 yr old re cruits, with no subsequent latitudinal increase in adult mortality rates. Thus, our re sults suggest the latitudinal de cline in abundance could be caused by decreasing larval supply or in creasingly high mortality rates in vulnerable early life stages Table 5 . Growth model parameters for Mytilus from the 5 locations. S ∞ : asymptotic shell length (mm); t * : age-at-growth inflexion; T: time required to grow from zero to S ∞ at maximum growth rate; m: shape factor for growth curves; a and b: parameters in the error term (spat and 1 yr). In support, Lewis (1986) concluded that northern limits of molluscs along the west Atlantic coast are determined by the sensitivity of newly settled spat to low temperatures. Unfortunately, we were unable to estimate mortalities of spat and 1 yr old recruits because there was a lower than expected abundance of these in our data set. There are also alternative explanations for the observed decline in abundance. For example, intertidal ice scour is more prevalent at higher latitudes, hereby removing more spat compared to southern locations where sea ice is less pronounced (Heaven & Scrosati 2008) . The space-for-time approach used in this study is suitable to infer temporal changes from spatial patterns (Blois et al. 2013) . The method can potentially underestimate changes in highly complex habitats as it neglects fine-scale heterogeneity (Pickett 1989) . However, we applied a large-scale high-resolution sampling design in a relatively species-poor intertidal habitat and suggest that a warmer future will likely increase abundances of Mytilus. For instance, current densities on Disko Island constitute ~37% of the densities found in Nuuk; thus, we can use conditions in Nuuk as a first approximation of what abundances on Disko Island may be like in the future. The future temperature increases could also threaten intertidal populations of mussels in southern Greenland; we found temperatures exceeding 36°C during extreme events of solar radiation at low tide. This is above the upper thermal limit of Mytilus (~32°C) (Jones et al. 2010) . So, although body temperatures of intertidal organisms may differ from the unprotected loggers used in this study, our results suggest that in a warmer future, heat-induced stress/ mortality could become more common in the Arctic. Therefore, future climate change research should focus on the potential for heat stress in coldadapted Arctic organisms.
Effects of local-scale variation in environmental drivers
The abundance and growth of Mytilus was highly variable within and among fjords. Among fjords, exposure time is central for the effects of air temperatures on the survival of intertidal species (Helmuth et al. 2006 ). We found a large variation in periods of aerial exposure among and within fjords (Table 1) caused by local tidal cycles and bathymetry. Differences in the timing and duration of the low tide are therefore important for shaping the populations in Greenland (Helmuth & Hofmann 2001 , Helmuth et al. 2006 . For example, the abundance in Uummannaq was lower than on Disko Island even though Disko Island annually has 94 d with temperatures below −13°C compared to 41 d in Uummannaq. This result contradicts the large-scale temperature-abundance correlation described above. However, the average exposure time during low tide in Uummannaq is 10.2 h compared to 5.8 h on Disko Island. Thus, the prolonged exposure time in Uummannaq likely increases mortality and affects recruitment success (Lewis 1986 , Helmuth 1999 .
Within fjords, patchy abundances were due to mussels rarely being found on smooth surfaces. Instead they were concentrated in microhabitats between boulders, in crevices or underneath macroalgae. Such microhabitats retain moisture and provide a refuge from extreme temperatures and desiccation (Seed 1969 , Helmuth et al. 2006 . For instance, on Disko Island, the average microhabitat temperature in February was 9.1°C warmer than the atmospheric average (−3.40°C compared to −12.57°C). These temperature patterns are caused by the formation of intertidal ice and macroalgae that creates a protective layer during winter (Scrosati & Eckersley 2007 ) and between-fjord (meso-) scale to understand largescale species abundance, recruitment, settlement and population structures. This is supported by previous work demonstrating the intertidal zone is characterized by interactions of overlapping environmental factors including sub-zero air and water temperatures, annual primary productivity, pH, wave exposure, air exposure time, ice scour, solar radiation and rugosity (Helmuth et al. 2006 , Kroeker et al. 2016 ).
The importance of cold tolerance
Biotic interactions seem limited in the intertidal zone in Greenland as no predators are found. Hence biological patterns are controlled primarily by physical (see discussion above) and physiological factors, and secondarily by resource availability (Blicher et al. 2013 , Høgslund et al. 2014 . Because Mytilus are semi-sessile animals, they rely on cold tolerance to survive sub-zero temperatures (Thyrring et al. 2015a) . Following exposure to 1 cycle of sub-zero air temperatures, mussels displayed a significantly different LT 50 on a temporal and spatial scale. Thus, our results show physiological distinct adaptations among populations and seasons (Braby & Somero 2006 , Kuo & Sanford 2009 ). The ability to adjust thermal tolerance combined with suitable habitat use are important in reducing local mortality of intertidal populations (Southward 1958) . It should be noted that we did not include genetic analysis in the cold tolerance experiments, and subtle differences in ecology and physiology among Mytilus spp. congeners cannot be distinguished here but should be studied further. Furthermore, thermal tolerance is affected by the thermal history and times of exposure. For instance, the upper lethal limit of the blue mussel M. edulis decreased after repeated exposure to sub-lethal high air temperatures (Jones et al. 2009 ). Therefore, the results presented here cannot be used to define species ranges based on thermal tolerance (as it is done using correlative species distribution models [Elith & Leathwick 2009] ), but illustrate the capacity of mussels to adapt to their local environment.
Growth rates of Mytilus mussels in Greenland
The shell growth models based on length-at-age data indicated that mussels had different growth patterns among locations. Large variability in growth patterns is common among populations on local and large scale and can be affected by habitat, food availability or environmental stress. For instance, variation in growth patterns of Mytilus at the MTL over the scale of kilometers in the Nuuk area is comparable to the variation found among mussel populations across the entire North Atlantic region (Blicher et al. 2013) . The lack of a clear latitudinal decline in growth patterns supports this statement, and interestingly, we found that Mytilus inhabiting favourable habitats can sustain similar growth rates regardless of latitude. We argue, therefore, that the growth patterns obtained from shell length-at-age data from natural populations are not the most sensitive climate effect indicator because environmental conditions restrict animals to sub-optimal habitats with highly variable growth conditions, thus weakening any latitudinal signal (Sukhotin et al. 2007 , Blicher et al. 2013 ). However, the higher asymptotic shell length (S ∞ ) found in Nuuk may still indicate a latitudinal signal that could be caused by a positive effect of the longer productive season in the Nuuk area compared to higher-latitude locations (Sejr et al. 2009 ). Similarly, the higher S ∞ found in mussels from the Qaanaaq LTZ demonstrate the positive effect of a shorter air exposure time (0 to max. 4.7 h) in the low intertidal, which allow submerged filter-feeding organisms to feed for longer periods of the day (i.e. higher growth potential) compared to animals found higher in the intertidal zone. But the observed maximum shell length may obviously also be related to the observed maximum age, which again is linked to recruitment and mortality. Our estimates of maximum age at the MTL tend to show latitudinal clines (Table 4) . Thus, the same local abiotic and biotic stressors affecting abundance and mortality (as discussed above) also affect growth in intertidal mussels. However, growth seems to be a more sensitive parameter to local-scale drivers, and hence we conclude that abundance and age structure are better indicators for studying regional patterns.
CONCLUSION
By substituting space for time, we present the first quantitative study of Mytilus abundances, growth and age structure along a latitudinal climate gradient in intertidal west Greenland. The spatial comparison showed that mussels are most abundant in southern populations, and a vertical retraction to the lower intertidal zone was found at northern sites. We found a significant local and seasonal thermal adaptation to low air temperatures, but Mytilus required microhabitats for protection from low lethal air temperatures and desiccation at all locations. Our data show that adult mortality rates are not increasing with latitude. Instead, differences in the survival in the vulnerable early life stages of mussels (spat to 1 yr) and/or in larval supply are responsible for the observed latitudinal decrease in abundance. Because air temperatures are expected to continue to increase in the coming decades, our results suggest that a future warming will allow Mytilus in Greenland and across the Arctic to generally increase abundances within the limits set by variable local-scale stressors as well as the mussels' ability to spread and the potential temperature sensitivity of early life stages. This trend stands in contrast to temperate regions where Mytilus abundances are declining (Sorte et al. 2017) , and because Mytilus are foundation species providing habitats, future potential expansions will have cascading effects on the intertidal community.
